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BURNING RATES OF SINGLE FUEL DROPS AND THEIR AFPLICATION
TO-TURBOJET COMBUSTION FROCESS

By Cherles C. Graves

SUMMARY

Burning rates were determined for single lsooctane drops suspended
in various quiescent oxygen-nltrogen atmospheres at room temperature
and pressure. The burning rates were campared with those predicted by
a previously developed theory based on & heat- and mass-transfer mech-
anism and with values predicted by a modification to this theory. The
drop-burning-rate date were applied to equations for a burning fuel
spray in order to calculate the predlcted change in burning rate of a
fuel spray wlth verlation in oxygen concentration. The results so
obtalned were compared with the change I1n combustion efflclency of a
single turbojet combustor with inlet oxygen concentration, as determined
in a previous lnvestigation.

The drop burning rates were proportional to drop dlameter and
incressed approximately 34 percent when oxygen concentreation of the sur-
rounding oxygen-nitrogen atmosphere was raised from 17.0 to 34.9 percent
by volume. The experimentally determined burning ratee agreed well with
those predlicted by the modified heat- and mess-transfer theory. The
predicted change In combustion efficlency with inlet oxygen concentra-
tlon wes appreclebly smaller than thet cbserved in the cambustor tests.

INTRODUCTION

Operational experience with turbojet and ram-j}et engines has shown
that combustion efficlency 1s adversely affected by increase in flight
altitude. The esteblishment of design criteriea to lmprove combustion
efficlency at altltude 18 one of the most lmportant problems confronting
the combustlon-chanber designer. One phese of combustlon research being
conducted at the NACA Lewls lsboratory 1s concerned with the relative
importance of such component processes as fuel-gpray vaporizetion, mix-
ing, ignition, and reactlion In the determination of combustion effi-
ciency. In a recent investigation (ref. 1), an attempt was made to
relate the changes In combustion efficlency of a J33 single combustor,
operating with liquid lsococtane, to a particuler component process.

The effects of fuel-flow rate, inlet pressure, and Inlet oxygen concen-
tration on combustion efficlency were determined for the conditions of

G TTELAL, UNCLASSIFIED



2 <SRN NACA RM ES3EZ22

constent temperature and weight flow rate of the inlet oxygen-nitrogen
mixture. At & given fuel-flow rate, the comblined effects of1nlet
pressure and inlet oxygen concentration on combustion efflciency were
correlated in terms of (a) selected fundamental combustion properties
of lsooctane and (b) & simplified reactlon-kinetics equation. The
results Indicated that changes associated wlth the kinetics of the gas
phase might explein the cbserved trends. .

The correlations obtalned In reference 1 were based on the assump-~
tion that the fraction of combustor volume requlred for the fuel-spray
evaporation and mixing steps was either constant with variation in Inlet
conditions or negligibly small. . In reference 2, an attempt was made to
determine the Importance of the fuel-spray evaporation step on the cor-
relations of reference 1. Similar datae were obtalned with the same
combustor (but with a different fuel-injection system); the fuel-spray
evaporation step was eliminated by the use of a gaseous fuel, propane.
The relative effects of combustor-inlet pressure and oxygen cancentra-
tion on combustlion efflciency were found to be approximately the same
for elther the gaseous or the liquid fuel. However, the general level
of conbustion efficlency atteined with geseous propane wes eppreclebly
higher than that attalned with liquid isooctane. While such differences
in performance level cannot be definitely attributed to a particular
process, one of the obvious explanations would be the fuel-evaporation
step.

The purpose of the investlgation reported herein was to study the
role of the fuel eveporation step in determining the changes in combus-
tlon efficlency with inlet oxygen concentration observed 1n reference 1.
The investigation was limited to a special case of evaporation (burning
fuel spray) in which the heat required for veporization is supplied from
burning zones surrounding individual fuel drops. In order to predict
changes in burning rate of the entire fuel spray, en extension to the
theoretical relations of Probert (ref. 3) was derived for the case of a
fuel spray burning in a duct where heat release changes local veloclity
end, hence, residence time. These.relations were based on the simpli-
fying assumptlion that the burning rate of the entire spray was a func-
tion of-experimentally determined burning retes of the individual drops.
In references 4 and 5, relations were derived which predict the effect
of -oxygen concentretion on burning rates of single drops; however, no
experimental deta were avellable to verify the theory. Accordingly,
burning rates were determined for single drops of lsooctane suspended
in verious qulescent oxygen-nitrogen atmospheres at room temperature
and pressure. The data obtained were compared with values predicted by
the theory of reference 5 and with values predicted by a modification
of this theory which is presented herein. The drop-burning-rate dete
were also used in conjunction with the theoretical relations for the
burning fuel spray in order to predict the change in combustion effi-

clency with inlet oxygen concentration. The predicted changes Iin
combustion efficlency were compared with those cbserved in reference 1.

arL2
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APPARATUS AND PROCEDURE

The apperstus end procedure used in determining the burning rate of
single isooctane drops in varilous qulescent oxygen-nitrogen mixtures
were similer to those described ln reference 6. Isooctene drops approx-
imately 1700 mlcrons in dlaemeter were suspended from a quartz filament,
ignited, and photographed whlle burning. The burning rate, defined as
the time rate of change in drop weight, was determined from measurements
of the change in drop dlemeter with time. A schematic sketch of the
apparatus is presented in figure 1. The filament and the ignition source
were mounted In a chamber having inslde dimensions of 12 by 12 by
18 inches.

Filement. - The filament, approximately 180 mlicrons In diameter,
was drawn from.a S5-millimeter quartz rod. To reduce posslble effects of
the rod on the d.'r.'op burning rete, the filament was drawn to & length of

epproximately 235 :anhes and bent at right angles 1 inch from the tip

(fig. 1). Since the surface temsion of 1sooctane is low (approx.

22 dynes/ cm at room temperature), the tip was slightly enlarged to per-
mit the suspension of large drops. A fine plpette, drewn from pyrex
tubing, was used to suspend the drops from the filament.

1tion source. - The drop was lgnlted by means of a small ethylene
diffusion flame, which could be moved 1n a vertical plane past the under-
side of the drop. Oscillatione of the drop caused by the passage of the
ignition f£fileme hindered eccurate measurement of drop diameter during the
first portion (approx. 1/8 sec) of burning. Provided the ignition fleme
wes small, drop distortion did rdot severely affect measurements during
the initial burning period.

Background 1llumination. - A sllhouette of the drop was cbtalned by
providing strong beckground illumination which offset the luminosity of
the flame. This illumination consisted of a focusing spot lamp mounted
behind a ground-glass plate.

Photographic system. - The photographlc system consisted of a
Sz—im.h focal length, f/4 S lens and a 16-millime’cer camera (without
. The lens was mounted approximately 62- inches from the drop.

This produced an Image on the £ilm thet was approximately four times
the drop slze. The camera was operated by a 110-volt synchronous motor
which gave a constant speed of 24 frames per second.

Oxygen-nitrogen-mixture control. - Prlor to each serles of rums,
the er was purged wlth the appropriate oxygen-nitrogen mixture.
To faclilitate purging, the chamber was fitted with a horlzontal parti-
tion whlich was lowered prlor to purging and gradually ralsed as the
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oxygen-nitrogen mixture was introduced to the chamber. The oxygen-
nitrogen mixture was suppllied through a pressure regulator to the bottom
of the chamber. The chamber pressure was maintained slightly above
atmospheric pressure during purging. Since a negligible fraction of the
oxygen in the chamber was consumed during the burning of & single fuel
drop, it was possible to obtaln several points for each purging of the
chamber. Orsat analysis at the end of a series of runs indicated a
negligible change in oxygen concentration.

Photograph analysis. - A typical set of photographs of the silhou-
ette of a burning drop of iscoctane is presented in figure 2. The time
interval between successive plctures 1s 0.125 second.

In order to convert lmage distances to known distances, a platinum
wlre having a dlameter of 640 microns was positioned in the plane of the
filament and photographed at the end of each series of rums.

Kodak super XX film developed in fine-grain developer was found to
glve sa’tiafa.ctorg results. Drop dlameters were measured in two planes,
each inclined 45~ from the vertical. The average of these two measure-
ments was taken as the diameter of an equivalent spherical drop. Dis-
tortion of the drop end increasing relative importence of the filament
precluded measurements of drop dlameters smaller than epproximately
700 microns.

Center line of filament
450 | 4,50
Plane of maximum

+
horizontel dimenslion
of drop silhouette

RESULTS AND DISCUSSION

Data presented in reference 6, indicate thet the burning rate of
small fuel drops suspended in gqulesce . atmospneres 1s proportional to
drop dlameter. For this condition (see appendix B), the relation between
drop dlameter and time 1s gliven by

2 2
d, = dAo - Bt (B8)

ThLT
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vhere d, 1s the drop diameter after e burning time +, and d’AO is

the drop dlameter at time +t = 0. The constant P 1s known as the
evaporation constant (ref. 3).

In figure 3, plots of the square of the drop dlameter ageingt time
are presented for lscoctane drops burning in quiescent oxygen-nitrogen
stmospheres contalning 17.0 and 34.9 percent oxygen by volume. The
polnts during burning follow a stralght-line reletion and satisfy equa-
tion (B8). Values of the evaporation comstant B are obtalned from the
slopes of the lines in figure 3. Teble I presents values of the evap-
oratlion constant, cbteined In this manner, for single iscoctane drops
burning in various quiescent oxygen-nitrogen atmospheres [17.0, 20.9
(air), 24.9, and 34.9 volume percent oxygen] at room temperature and
pressure. Ardithmetlc mean values of the evaporation constant at each
oxygen concentration are also presented. The average deviation is
2.4 percent; the maximm devlietion, 5 percent. When oxygen concen-
tration was increased from 17.0 to 34.9 percent by volume, the mean
value of the evaporation constant increased by 34 percent.

It is of lnterest to note that the mean value of the evaporation
constent 1n air was approximately 22 percent higher than that reported
in reference 6 for lscoctane drops burning in still six. No reascnable
explanation for this difference was evident.

Comparison of Experimentel and Predlcted Values of Eveporation Constant

A theoretical treatment of the burning of small fuel drops 1s given
in reference 5. The drop was considered ‘to be separated from a burning
zone of negligible thlckness by a stegnant £1lm; anocther stagnant £ilm
was assumed to exlst between the burning zone and the surrounding
atmosphere. Equations were derived for heat trensfer in both films and
for diffuslion of oxygen in the outer flim. Relations were cbtained for
the burning of smaell fuel drops or sollid perticles where the film thick-
ness between the burning zone end the surrounding atmosphere was con-
gldered infinite, corresponding to & Nusselt.number of 2 for heat
transfer.

The relations presented ln reference 5 were based on the assumption
that no dissoclation of combustion products occwrred. Estimates sug-
gested that correctlon for dissoclation of combustion products would
result in but a small change In calculated burnling rates of liquid fuel
drops. As indicated in reference 5, correction for dissocletlion effects
requires copsiderstion of the relative diffusion rates of the various
dissociated products, materisl balance, equllibrium relatlions, and heat
balance. For hydrocarbon fuels where there 1ls a relatively large number
of dissoclated products, the determinstion of dissoclation effects
becomes quite complex, particularly 1f the analysis considers the
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temperature variations of thermal conductivity, dlffusion coefficients,
and specific heats. In appendix B, & simplified approach to the problem
of dlssoclation is made for the case of varilable thermal conductivity.
This approach requlres the assumption that the relative proportions of
the elements carbon, hydrogen, oxygen, end nitrogen, regardless of thelr
state of chemlical combination, remsin constant throughout the region
between the burning zone and the surrounding atmosphere. The relative

proportions of dlissoclated products in this reglon then become a function

only of temperature. Materisl- and heat-balance equations are satisfled
for this region, but no carrection is made for the dlifference in diffu-
slon rates of the various dissoclated products such as thet presented in
reference 5 for a burning caerbon particle. The equetions in appendix B
have the same general form as those glven in reference 5§ and are pre-
sented primarily to clarify the assumptions required 1ln the calculation
of burning rates for the present Investigation.

In figure 4, the theoretical and experimental values of evaporation
constant-are plotted agalnst oxygen concentration in the surrounding
oxygen-nitrogen atmosphere. The experimental curve A was drawn using
the arithmetlc meen values of evaporation constant presented in tsble I.
Curve B glves the theoreticel evaporation constant obtained by using the
theoretical relations presented 1n appendix B. The deviation of the
theoreticel from the experimentsl curve varies from spproximetely
-4 percent at 17 percent oxygen to epproximately -5 percent et 34.9 per-
cent oxygen. Whille such close agreement hetween the theoretical and
experimental curves 1s conslidered fortuitous In view of the assumptions
involved in the analysls and the uncertalnties in the values of proper-
tlies used, the results are encouraging. Curve C glves the predicted
value of evaporatlion constant—using the assumptions of reference 5. The
deviation of the theoretical from the experimental curve varies from
=39 percent at 17 percent oxygen to -34 percent at 34.9 percent oxygen.

The principal differences involved in the calculations of curves B
and C are: (1) correction for effect of dissociation of combustion
products on calculated burning rates, and (2) choice of thermal con-
ductivity values used for the reglon between the drop surface and the
burning zone. In curve C, the thermal conductivity of alr was used in
this region, whereas curve B was calculated by using estimated values
of the thermal conductivity of 1lscoctane vapor. In order to determine
the effect of thermal conductivity on the predicted evaporation constant,
curve D was calculated using the thermal conductivity of isococtane
vapor, but the corrections for dissociation of products described in
appendix B were neglected. It 1s seen that the use of thermal conduc-
tivity of lscoctane vapor lnstead of alr resulted in an appreciable
increase in the calculeted evaporation constant. From comparison of
curves B and D, 1t is also observed that the correction for dissociation
of combustion products (appendix B) results in a significant decrease in

celculated evaporation constant at the higher oxygen concentrations. At
the lowexr oxygen concentratione the effect is small, as was noted in

reference 5.

2pIR
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At the high temperatures reached near the burning zone, pyrolysls
of the fuel vapor would be extenslve. This pyrolysis would result in
higher thermal conductivitles and, hence, higher celculated evaporation
constants. However, the effect is opposed by the higher heat contents
of the cracked constlituents.

Application of Drop-Burning-Rate Data to Combustor Tests

In reference 1, the combustion efflclency of a J33 single combustor
operating with liquld 1sococtene was determined over a range of inlet.
oxygen concentretions, inlet pressures, and fuel-flow rates. Some typ-
lcel date are plotted 1n flgure 5, which presents a plot of combustion
efficlency against inlet oxygen concentratlion for two fuel-flow rates
and two lnlet pressures. The inlet temperature and the welght-flow rate
of the oxygen~nltrogen mixture were held constent at 40° F and 1.0 pound
per second, respectively. It 1s observed that cambustion efflciency
Increased noticesbly with increesse In fuel-flow rate over the entire
renge of conditlions investigated. It ls also noted that the change in
combustion efficlency with both inlet pressure and oxygen concentratlons
is qulte pronounced at the lower velues of combustion efficlency. In
the following section, the data of figure 5 wlll be treated in terms of
an ldeelized burning fuel spray. The single-drop burning-rete deta will
be used in conjunction with theoretical relations for a burning fuel
spray in order to predict the effect of inlet oxygen concentretion on
combustion effliclency.

In reference 3, theoretlical relations for & burning fuel spray were
derived. for the followlng conditions: (1) burning rates of the individ-
ual drops are proportional to the drop dismeter, (2) the evaporation
constant is the same for ell drops, (3) all drops have the same availl-
eble burning time, and (4) the fuel-spray drop-size distribution can be
expressed by a Rosin-Rammler distribution function. In appendlix C, the
relatlons are extended to the case of a fuel spray burning in & duct
where the heat release changes the average velocity along the duct.
Values of the drop-slze-distributlon constants x and n of the Rosin-
Rammler distribution function were obtained from the data of Bowes and
Joyce (ref. 7). No correction was made for the effect of change in
properties of isooctane compared with those of the molten wex (simulat-
ing kerosene) used in reference 7. The values obtained were considered
only as glving an approximate indicatlon of the drop-elze distribution
for the condlitions of figure 5.

In figure 6, the theoretical combustlon efficlency of a burning
fuel spray, as obtalned from the relations of eppendix C, 1is plotted
agalnst the parameter BLeq./Vr for the two fuel-flow rates of flgure 5.

Here P 1s the evaporetion constant in square mlcrons per second; Lg
is an equivalent combustor length, constant for a glven combustor; a.n&
Vy 1s the Inlet velocity.
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The predicted and experimental changes in combustion efficiency
with variation in inlet oxygen concentratlion are compared in figure 7.
The experimental curves are those of figure 5. The predicted curves
were obtained by uslng the curves of figure 6 and the arithmetic mean
values of the evaporation constant at the various oxygen concentrations
presented in table I. 8ince the combustor data were cbtained at pres-
sures other than atmospheric, 1t was aspumed that the percent change in
8 with oxygen concentration was the same far all pressures. This
assumption 1is in agreement with the predictions of reference S and
appendix B. Inlet oxygen concentration had a negligible effect on inlet
density and, hence, inlet veloclty. Accordingly, for the conditions of

constant temperature, pressure, and weight-flow rate of the lnlet oxygen-

nitrogen mixture, the term Leq/vr’ a measure of- residence time based onm

inlet conditions, could be considered constent. In order to compare the
relative change in the predicted and experimental values of cambustion
efficlency, arbitrary values were assigned to the term Leq/Vr to make
the experimental and the predicted curves coincilde at low values of
oxygen concentration within the ranges covered in the drop~burning end
combustor tests. It 1s observed that the predicted change in combustion
efficiency with oxygen concentration is much too small to explain the
changes cbserved In the J33 combustor.

It is also to be noted that the pronoumnced changes in combustion
efficlency wlth varying inlet pressure es shown in figure 5 cannot be
explalned in terms of the burning fuel spray. In a recent publication
(ref. 8), the burning rates of single fuel drops, determined over a
rapge of pressures fram 1 to 20 atmospheres, are reported as being
approximetely proportional to the fourth root of the total pressure.
Accordingly, use of these date In the relations for the burning fuel
spray (fig. 6) would also result in an apprecisbly smaller predicted
change in combustlon efficiency with variations in inlet pressure than
wes observed in the combustor tests.

Treatment of combustor data in terms of the burning fuel spray
such a8 has been presented, necessarily involved & number of simplifying
assumptions. A nunber of factors should be consldered in transferring
single-drop date to the conditioms of the combustion-reaction zone:
Combustor conditioms include (1) higher temperature—level, (2) forced
convection by drops, (3) local over-rich fuel-oxygen ratios, (4) deposi-
tion of partof the spray on combustor walls, (5) errors involved in the
use of drop-size distribution data of reference 7, (cbtained for nozzle
spraying into quiescent atmosphere), and (6) radiation. A detailed
discussion of all these factors is beyond the scope of this paper.
However, factors 1 to 4 are discussed to soame extent in references 4 and
5. Preliminary conslderation of these factors indicates that, while
some may appreclably affect the absolute burning rate of the spray, thelr
effect on the calculated change in burning rate with oxygen concentra-
tion is minor compared wlth the large differences between predicted and
experimentel curves shown in figure 7.

ovlLe
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It also appears thet correction for factors 5 and 6 would not
appreclebly affect the predicted results. 8ince the small predicted
change in combustlion efficlency with oxygen concentration was primarily
due to the small change in the evaporation constant, correction for
errors 1ln drop-size-distribution data would be small. Appreclable
changes in conbustion efflclency occurred at the lower oxygen concen-
tretions end under nonluminous fleme conditions in which the principel
radiation 1s essoclated with carbon dloxide and water vapor. Since
isococtane drops 1in the slze range expected for the fuel-flow rates of
figure 5 are relatively transparent to this rediatlion, the heat absorbed
by the fuel spray from radistion was but a small frection (less than
5 percent) of the latent heat of vaporization. Accordingly, carrection
for radiatlion effects would heve resulted in but & small change In pre-
dicted results over the range of conditions in which large changes 1in
conbustlion efflclency occurred.

In view of the complexity of the over-all cambustion process, 1t
1s possible that the change in cambustion efflciency wlth oxygen con-
centration and pressure (fig. 5) might be explained in terms of change
in burning rate of the fuel spray if proper account were taken of the
first four of the aforementlioned factors; however, this does not appear
likely. It 1s suggested that some other process lnvolving the chemistry
of the reaction might better explain the trends observed In figure 5.
It 18 noted that in reference 1 the combined effects of inlet pressure
and oxygen concentrations on combustion efficlency were related to
fundamental combustion propertlies of lsooctene and to a simplified
reactlion-kinetics equetion. It 1s also emphaslized that the results of
the present lnvestigatlion do not preclude large possible effects of the
fuel-evaporation step on factors not considered, for example, lgnition.

Finelly, i1t 1s noted that the results of the present investigation
apply only to the partlcular experimentel conditions of reference 1,
under which a fully developed fuel spray having & relatlvely small mean
drop size would be expected. As indiceted In references 9 and 10, there
are ranges of operatlon of turbojet combustors where the fuel-atomization
and fuel-evaporatlion steps do exert a significent influence on combus-
tion efficlency, elther directly or indirectly.

SUMMARY OF RESULTS

The followlng results were cbtalned from an investigation of the
burning rates of single 1sooctene drops in gulescent oxygen-nitrogen
atmospheres at room temperature and pressure and from comparison of
these data with turbojet-combustor data obtalned in a previous
investigation:
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l. Drop burning rates were proportional to drop diameter and
increased approximately 34 percent when oxygen concentratlon of the
surrounding oxygen—nitcogen atmosphere was ralsed from 17.0 to 34.9 per-
cent by volume.

2. Drop burning rates predicted by a beat- and mass-transfer theory
incorporating modifications to & previously developed theory agreed well
with the experimentally determined burning retes.

3. Predicted changes in turbojet combustion efficlency with inlet
oxygen concentration, based on burning rates of single drops and theo-
retical relations for a burning fuel spray, were appreciably smaller
than the changes experimentally determined in a previous lnvestigation.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Clevelend, Chio, April 24, 1953

Tret
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APPENDIX A

SYMBOLS FOR AFFENDIX B

The following symbols are used in appendix B:

diffusion coefficient of oxygen, eq ft/sec

diemeter, £t

sensible heat change of unlt quantity of fuel when ralsed to
bolling polint from temperature existling prior to burning,
Btu/1b fuel

enthalpy referred to unlt quantity of fuel, Btu/ 1b fuel

enthalpy of oxygen referred to unit quentity of fuel, Btu/lb fuel

thermal conductivity, Btu/(sq £t)(sec) (°F/ft)

latent heat of veporization of fuel at boiling point, Btu/lb fuel

molecular welght of oxygen

heat of combustion of fuel at temperature of surrounding atmos-
phere, Btu/lb fuel

pounds of oxygen required to burn 1 1b of fuel (from stolchio-
metric equation)

temperature, Op

time, sec

welght of fuel drop, 1b

volume percent oxygen
evaporation constant, sq ft/sec
density, moles/cu ft

fuel density at mean drop tempersture, 1lb/cu £t

drop durning rate, lb/sec
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Subscriptse:

drop surface

region tetween drop surface and burning zone

burning zone

reglon between burning zone and surrounding atmosphere

surrounding atmosphere

A L

fuel vepor

products of combustion

Lo ]

g JH4
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APPENDIX B

PREDICTED EVAPORATION CONSTANT FOR BURNING FUEL DROPS

Staegnant films are considered to exist between a burning zone of
negligible thickness end both the drop surfece and the surrounding
atmosphere. The concentration of oxygen is assumed to be negligible at
the burning zone. With the exception of & thin layer et the surface
(considered to be at the boiling point of the fuel) the drop temperature
is assumed to be at the temperature existing prior to ignition. Condi-
tions in the f1lms are assumed to be symmetrical with respect to the
drop center.

Drop surface

’ Burning zone
Surrounding atmosphere

If the chenge in thermal conductivity wlth variation in composition
along a radius is neglected, the heat-transfer egquation (symbols are
defined in eppendix A) for the region between drop surface and burning
zone 1is

Tg
" ap & I Nl N N (B1)
+AH + Bp - Bp ~ 2x At \dy &g
Tp A
Similarly, for the region between the burn:l.ng zone and surrounding
atmosphere,
T
5o & I N Y O N (82)
Q [(hp hoz) -(hp ho,)a 2n at \dg dg

The relation for equimolal counter diffusion was used to determine
the rate of diffusion of oxygen to the burning zone. For the present
case (as for most hydrocerbon fuels) where the ratio of products to
reactants 18 close to unity and for the range of oxygen concentrations
investigated, this relatlon gives values withln a few percent of those
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glven by the method of reference 5 or the more detailed method of ref-
erence ll. Oxygen diffusion 1s relsted to heat transfer in the region
between the burning zone and surrounding atmosphere according to the

following equation:

Tp
kpg aT ¥o, % (83)

eDo, [@ - (Bp - Bo,) + (By - Bg,) ]~ 100 7o,

T

From equation (B3), the burning-zone temperature Ty may be determined
as & function of ag.

If the film thickness between the burning zone and the surrounding
atmosphere is considered infinite, dg in equation (B2) becomes infinite
and equations (Bl) and (B2) may be combined to glve

Iy
aw
2ol | | T

Tp
(B4)
Row
udi
When equation (BS) is differentiated and combined with equation (B4),
Ty

8,808y = - = L+AH+hf e By ﬁ:';”)-(hp- 8)

t T, A T B0p El

(B6)
Integrating equation (B6) over the limits

dymdy vhen tmt

ZvLe
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Ylelds
T

B_gf -8 Br e T = “se &

AT Ry Py T, L+AH+Be -Bp, Tca -Ehp-hoa) (b, -Bg )c__ﬂ
(87)

Then equation (B7) may be given as

a.z- :0 - pt  (B8)
where
. By ar " Epg 4T
- — — +
Py TA + OH + ho - hf - Q T(hp hoz) (hp hoz)a

(B9)

Here, B, known as the evaporation constant, has the units square feet
per second; for B I1n square microns ]Ber second, the right side of
equation (BS) is multiplied by 9.3X10 For the calculation of B, the
density of the 1scoctane drop was taken &s 43 pounds per cublc foot.

The drop-surface temperature was assumed to be 211° F. The temperatures
of both the surrounding atmosphere and the drop prior to burning were
assumed to be 77° F.

The graphical integration of the first integral of equation (B9)
is shown in figure 8. The thermal conductivity k,p taken as that of

i1sooctane vepor, was calculated by assumlng constant Prendtl number and
calculating the temperature change in viscoslty by means of the Suther-
land equation (C m= 1008° R). The thermal conductivity at a base tem-
perature of 32° F was estimated from values given in reference 12. The
enthalpy and speclflc heat of lscoctane vapor were obtained from extra-
polation of values given in reference 13.

The graphical integration of the second Integrel on the right side
of equation (B9) i1s presented in figure 9. The method of reference 14
was used to determine the equlilibrium composition of the diffusing prod-
ucts for a carbon-hydrogen-oxygen-nitrogen ratio of 8:18:25:100 over the
desired temperature range. 8Silnce, at a glven temperature, the effect of
nltrogen on the relative proportion of dissocisted products 1s small,
the equilibrium compositions et the gbove ratlo were used for all oxygen
concentrations. This ratio was assumed to hold throughout the region
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between the burning zone and the surrounding atmosphere. The products
of canbustion diffusing to the surrounding atmosphere were considered to
consist of all equilibrium products except nitrogen. Below 2000° F, the
diffusing products were-considered to conslist of carbon dloxlide and
water vapor es determined from the stoichiometric equation. The thermal
conductlvity kap was taken as that of air and determlined from extra-
polation of values glven in reference 15.

A plot of the burning-zone temperature Ty against oxygen concen-
tration in the surrounding atmosphere as determined from equation (B3)
is presented in filgure 10. In this integration, the ratlo kBC/pDOZ 3

which was essumed to be independent of tempersture, was evaluated at
77° F. The diffusion coefficlent of oxygen was tmken as 2.22%10-4 squaxre
feet per second at 77° F (ref. 16).

From figures 8 to 10 and equation (B9), the evaporation constant 8
may be determined as a function of the oxygen concentration ag of-the
surrounding oxygen-nltrogen atmosphere.

re
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APPENDIX C

BURNING OF LIQUID-FUEL SPRAY

In reference 3, Probert cbtained an expression similar in form to
the followlng equation for the evaporation of a ligquid-fuel spray

) 3 n
Z -1 X
100 - 7y = 100 4/'5%( -E%’-)(‘i-':n )e—(!) dx (c1)

where 7p, the combustion efficlency, is the percent by welght of the
total fuel-spray evaporated after a time +, and B 1s the evaporation
constent for the individual drops. The expresslon applies for the
eveporation of a spray when the evaporation rate of the individual drops
is proportional to the drop diameter and when the size distribution of
drops in the spray 1s glven by the Rosin-Remmler distribution law In the

form
_(——)
X
= e

where R 18 the fraction by welght of the inlitial spray consisting of
drops having diemeters larger than x. For a glven fuel, nozzle, and
fuel-flow rate, x and n are canstants. In reference 3, equation (Cl)
was transformed and a solution was obtalned by graphical lntegration
for various values of n. The curves so obtalned (fig. 11} relate 7y

to ;eﬂ-,/Ic2 for values of n ranging from 2 to 3.5.

R (c2)

For the case of a fuel spray burning in a duct, the average veloc~
ity of the gases at any station 1s a function of the combustion effi-
clency at that stetlon. Conslder a duct of constant cross-sectlonal
area A and length L. Assume that the velocity of the burming drops
along the duct at the station c¢onsildered ls glven by the average velo=-
clty V of the gases at that statlon. For low fuel-alr ratlos, ¥V ocan
be approximated by neglecting the effects of the products of combustion
on the welght flow rate, the average molecular welght, and the average
specific heat of the geses.

From the contlnulty equation and the perfect gas law,

Vnﬁ?-% (03)
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where W 1s the weight flow rate of alr supplied to the duct, R is

the gas constent, and P, p and T eare the pressure, average density

and average temperature of the air, respectively, at the station con- -
sldered. For negligible pressure drop along the combustor,

Pw= Py (c4)
vhere P; 1is the inlet pressure. If e constant specific heat cp 1is
assumed,

fH np

T=T1+m (cs5)

1¥LT

where T4 1s the inlet-air temperature, £ is the over-all fuel-eir
ratio, and H 1is the lower heating value of the fuel.

Substituting equations (C4) and (C5) into equation (C3) and

rearranging yleld
WRT4 fH
Vi (1 +E6—T%'>
i Cp 1

V=V lof:”‘f) (c6)

where V, 1is the inlet=mir veloclty.
At the statlon considered
ds = Vdt (c7)

where ds 1s the distance the fuel spray movee along the duct in the

time 4t. Since B and ?c'z are constant along the duct, equation (C7)
mey be written S . -

ds = V"; E-}) (c8)

Substituting equation (G8) into equation (C8) and rearranging yleld

o= o) - % o8) S

The boundary conditions are
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(a) at B-O’W-o’%-o

(b) et s=L,r@=nT,iL§-(§)
x iy

Integrating equation (C9) over the duct for these boundary condi-
tlons produces

N &,
Ao @ )

&)
L + £fH = i
- o 8t (c10)
v @ | @)
The first term on the right side of equation (C1l0) represents the
value of Bt corresponding to the given values of end n from

filgure 1ll. The integrel in the second term 1s glven by the ee under
the curve 1n figure 11 for the glven value of n from Bt =0 to
the value of Bt/X° corresponding to the given value of np. In fig-
ure 12, the integral 1s plotted against 1y for the values of n used
in figure 1l. For a conbustor of varylng cross-sectlional area, the
actusl length L 18 replaced by an equivalent length Leq = KL where
the value of K will depend on the combustor geometry.

From figures 11 and 12, equation (Cl0), and the values of x and
n for the given fuel spray, curves of 7qp against BL/V, cen be pre-
pared for desired values of :r:']{/lOOc:._p T,. In figure 6, curves of 1y
agalnst BLeq_/vr are presented for the values of X obtained for the
conditions of the present investlgation. Since n has a small effect
on the theoretlical combustion efflclency and since the values of n for
the fuel spray varied over & narrow range sbout 2.5, the curves of fig-
ure 6 were obtailned for n = 2.5. The values of fEH/100c, Ty were
calculated for Ty = 500° R, cp = 0.25 Btu per pound per °R, and
H = 19,065 Btu per pound. The values of f were based on an Iinlet
oxygen-nitrogen mixture flow of 1.0 pound per second and nominel fuel-
flow rates of 0.0157 and 0.010 pound per second.
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TABLE I. - EVAPORATION CONSTANT £ 1IN SQUARE MICRONS

PER SECOND
KA
Oxygen concentration in oxygen-nitrogen
atmosphere, percent by volume
17.0 20.9 24.9 34.9
1.07x108 | 1.12x108| 1.30%10%| 1.40X108
1.02 1.21 1.27 1.48
1.06 1.13 1.26 1.39
1.02 1.18 1.23 1.36
1.03 1.15 1.26 1.40
1.07 1.15 1.20 1.50
1.12 1.10 1.25 1.48
1.10 1.16 1.21 1.40
1.09 1.21 1.26 1.44
1.04 1.14
1.12 1.14
1.10 1.15
1.09
81.07x108 | ®1.14x108 | ®1.25%108 | ®1.4mx 105

8arithmetic mean value of evaporation constant.
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of burning drop taken at intervels of 0.125 ssoond.

- Protographs

¥igure 2,
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Figure 4. - Comparison of predloted and experimental evapora-
tlon constants.
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